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ABSTRACT 


An electronic encoder for converting an analog voltage to 
a seven binary digit parallel representation at a 50 kc encoding rate 
has been designed, constructed, and tested. The encoder operates on 
voltages in the zero to fifty volt range and is capable of being time- 
shared by a multiplicity of inputs. Use of the cascade encoder tech¬ 
nique permits a design requiring no timing circuits. 

The encoder was designed for use as an input device for a 
proposed analog-digital flight simulator. 


Thesis Supervisor: Alfred K. Susskind 
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CHAPTER I 


INTRODUCTION 

1.1 ENCODER PERFORMANCE 

An electronic encoder has been developed which converts an 
analog voltage to the corresponding parallel seven binary digit repre¬ 
sentation at a 50 kc encoding rate. The encoder is capable of being 
time-shared by a multiplicity of 0-50 volt inputs. 

Performance tests indicate that it may be possible to achieve 
eight binary digit conversions at encoding rates as high as 80 kc with 
the present design. 

1.2 PURPOSE OF THE ENCODER 

The encoder was developed for use with the analog-digital 
computer designed by DSR Project 7591 under the sponsorship of the U. S. 
Naval Training Device Center. 1 The computer is suitable for the real¬ 
time simulation of complex non-linear physical systems> the particular 
application being an operational flight trainer. 

The computer performs all mathematical operations except 
integration in the digital domain. This makes it easier to generate non¬ 
linear functions, to make changes in the functions being generated, and 
to obtain the desired accuracy. 

Integration is performed in the analog domain because the 
resultant abbreviation of the digital computer program assists in the 
achievement of real-time simulation. 1 Analog integration has the added 
advantage of smoothing the data. 


1 Superscripts refer to references listed in the bibliography. 
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The operational flight trainer instruments and controls and the 
integrators operate in the analog domain. Bence, both an analog-to-digttal 
encoder and a digital-to-analog decoder are required to tie-in the com¬ 
puter and trainer. The decoder converts digital variables into analog 
voltages for the purpose of performing integration, or for the purpose of 
operating the trainer. 

The encoder is needed to convert analog voltages from the 
integrators into digital form for further mathematical operations and to 
supply the computer with information from the analog flight trainer. One 
encoder is time-shared by the various analog inputs. The computer sends a 
command for a particular analog variable to the encoder in a manner similar 
to the way the computer addresses its own memory. 

The computer requires an eight binary place (including sign) 
output from the encoder. The output must be available 10 microseconds 
after the computer has given the encode command and the minimum interval 
between commands is 32 microseconds. The encoder will be multiplexed be¬ 
tween approximately 20 input voltages whose frequency components are less 
than 5 cps. 

1.3 TYPES OF ENCODERS 

Analog-to-digital encoding techniques are of two types: electro¬ 
mechanical and electronic. 

Electro-mechanical encoders convert an angular shaft position to 
2 

a digital representation. This is commonly accomplished by mounting code 
discs on the shaft. The discs are made with a pattern of either conductive 
material on a non-conductive disc for brush pick-off, or opaque coating on 
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a glass disc for photo-electric pick-off. The pattern is designed so that 
brush or photo-tube signals correspond to the digital representation of 
the instantaneous or the incremental change in shaft position. 

Shaft encoders have been built with resolution as high as one 
part in 65*536. The encoding rate can be made very high since it is de¬ 
pendent only upon the rate at which brush or photo-tube current can 
respond. However, the mechanical limitations of the shaft position system 
prevent its usage when multiplexing inputs and limit the frequency range of 
variables which can be encoded. 

Electronic encoders are classified into three general types: 

a. Time encoders 

b. Space encoders 

c. Voltage encoders 

a) Time domain encoders convert the voltage to be encoded into 

3^-5 

a corresponding period of time. ' * Clock pulses are gated into a counter 
during this period of time, resulting in a final count proportional to the 
analog input. Voltage-to-time period conversion is accomplished by a 
linear sweep generator and a comparator circuit. 

The linear sweep circuit produces a pulse at the beginning of 
the sweep, opening a gate and allowing clock pulses into the counter; this 
gate remains open until the sweep voltage becomes equal to the input, at 
which time the comparator produces a pulse closing the gate. 

Time domain encoders can be made arbitrarily precise, but their 
accuracy is limited by sweep linearity and comparator accuracy. Encoding 
rates are restricted by the time required for the counter to count to its 
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maxlmum contents (2° - 1 for an n-bit encoder). 

b) Space domain encoders utilize a modified cathode ray tube.^ 
The voltage to be encoded controls the vertical deflection at which the 
electron beam sweeps a code plate in the screen end of the tube. An anode 
plate is placed behind and parallel to the code plate. A pattern of aper¬ 
tures is cut in the code plate so that the electron beam may strike the 
anode and produce output pulses which are the serial binary representation 
of the vertical deflection of the sweep. 

The accuracy of this encoder is determined by the precision with 
which the code plate is made and the electron beam cross-sectional dimen¬ 
sions. The encoding rate is mainly dependent upon the sweep rate and can 
be made in the megacycle region. High cost and fragile nature of the 
special cathode ray tube and code plate are the main disadvantages. 

c) Voltage domain encoders compare the voltages to be encoded 
with the decoded contents of a digital register; the sign of the error 
determine whether the register contents are increased or decreased. When 
the error is thus""servoed" to zero, the register contains the parallel 
binary representation of the voltage to be encoded. 

The incremental encoder uses a backward-forward counter instead 
7 8 

of a digital register. ’ The sign of the error determines whether clock 
pulses are used to count up or down. This type of encoder can follow 
rapidly changing input voltages as long as the counter can keep up. How¬ 
ever, when time-shared by a number of inputs, the encoding rate must be 
slowed down to allow for a possible incremental counter change of full 
scale. In this case, the encoding rate will be determined by the time it 
takes the counter to count to full scale Just as it was In the time domain 
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encoder. 

The successive comparison encoder^ , ^ , ^ , ^ > ^ starts the 

encoding cycle with an empty register; each flip-flop in the register is 

turned on in succession, starting with the one representing the largest 

hit. Whenever comparison indicates the decoded register contents to be 

larger than the voltage being encoded, the last flip-flop turned on is 

turned off again before the next bit is tried. Since only n operations 

are required to encode n binary bits, the encoding rate can be increased 

considerably over that of the time domain encoder. Rates as high as 40 kc 

for eleven bits have been achieved commerciallyAccuracy is 

limited chiefly by the register decoding and comparator circuits. 

12 13 14 

The cascade encoder * * accomplishes encoding to n bits by 

use of n one-bit encoders in series. Each successive stage quantizes its 
input to the next smallest bit, produces a binary output of ONE or ZERO, 
and transmits the quantization error to the input of the next stage. The 
binary outputs constitute the parallel binary representation of the voltage 
being encoded with the most significant bit appearing at the first stage. 
Quantization error is the difference between the signal being encoded by 
a stage and the decoded value of the bit produced by that stage. 

Cascade encoders are also designed so that each successive stage, 

instead of quantizing to the next smallest bit, multiplies its input by 

12 13 

two and quantizes to the same largest bit. ’ In this way, each stage 
can be made identical. 

Cascade encoders have the advantage that no timing, synchronization, 
or re-setting operations are required. Encoding rates are determined by the 
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speed at which a stage consisting of amplifier, comparator, and one-bit 
decoder can be made to operate and by the number of stages. Accuracy 
limitations result from accumulated drift (because of d.c. coupled stages) 
and non-linearity in the successive stages. 

A variation of the cascade encoder technique time-shares one 

12 15 

stage for the complete encoding. ' The stage output is sampled, stored, 
and used after a short delay as the new input. Considerable savings in 
equipment are achieved over the n-stage cascade encoder, but timing and 
sampling now become necessary. 

1.4 THE CASCADE EHCODER 

1.4.1 Reason for Choosing the Cascade Encoder 

A study of the encoding techniques discussed in Section 1.3 
indicates that the voltage domain encoders show the most promise for 
attainment of higher speed and accuracy when used on a time-shared basis. 

Of the various types of voltage domain encoders, the cascade type was 
chosen for investigation because its lack of internal timing circuitry 
results in the highest encoding rates and least complexity for a given 
accuracy. 

1.4.2 Transfer Characteristic of the Cascade Encoder Stage 

The type of cascade encoder chosen is the one with identical 
stages (see 1.3)• Since each identical stage produces one binary digit, 
it is possible to repeat the same circuit as many times as is required to 
obtain the necessary binary output precision (as long as the stage accuracy 
is not exceeded). 

The function of each stage is to encode its input to one binary 
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digit, multiply the resultant quantization error by two, and transmit the 

result to the input of the next stage. Encoding to one binary digit is 

accomplished by comparing the stage input to the analog value of the most 

significant binary digit (one-half of full-scale input). If the input is 

larger than one-half of full scale, the binary output is a ONE] otherwise, 

the binary output is a ZERO. The quantization error is equal to the input 

if the binary output is a ZERO, and equal to the input minus one-half of 

full scale if the binary output is a ONE. Accordingly, the stage transfer 

12 

characteristic may be expressed as follows: 


V . , : 2 (V -AD) 

n 4 1 n n' 

D = 1 if V > A 

n n 


D = 0 if V < A 

d n 


(i.i) 


where V Q is the input to the nth stage, ^ ^ the input to the (n 4 l)th 
stage, A the analog value of the most significant binary digit, and the 
binary output of the nth stage. 


1.4.3 Encoder Block Diagram 

To achieve the above stage transfer characteristic, an inverter, 

JlT x 3 2,9 

a slamming amplifier, and a Schmitt discriminator ’ * * are used. The 

encoder block diagram is shown in Pig. 1. 

Operation is as follows: A read pulse opens a linear transmission 
gate (G), and gates in a positive variable voltage (X) for a period of time 
(T),long enough to perform the complete encoding operation. Each Schmitt 
circuit (S^, Sg, ... Sg) is biased to discriminate against input voltages 
greater than A (one-half of full-scale input). If a Schmitt input is less 
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than A, the Schmitt output is zero and is defined as a ZERO; if the input 
is greater than A volts, the Schmitt output is a positive-going step of A 
volts and D q is a ONE. The positive stage input is multiplied by plus two 
in going through the cascaded inverter and summation amplifiers. However, 
if the stage input is greater than A volts, the discriminator supplies the 
summing amplifier with a signal A volts in magnitude and of opposite polarity 
from the signal from the inverter. The effect, then, is that A volts is sub¬ 
tracted from the stage input if the input is larger than A, and zero volts 
is subtracted if it is less than A. The stage output may thus be seen to 
be related to the stage input by Eq. 1.1. 

Each stage operates on its input in an identical manner. The 
voltage level of the output of each Schmitt (zero or A volts) indicates the 
stage digital output (ZERO or ONE). The binary output of the first stage 
is the most significant digit, that of the second stage the next most 
significant digit, etc. The digital output of each stage is available as 
soon as its input arrives from the previous stage and its discriminator 
has operated. 

To avoid the problem of amplifier drift, which would become a 
serious restriction on encoder accuracy as the number of cascaded stages 
is increased, the encoder components are capacitive coupled. The read 
pulsQ in holding open the linear transmission gate for the interval T and 
then closing the gate, chops the input voltage X and presents the encoder 
stages with a square-wave input. Since the amount of time allowed for per¬ 
forming the encoding operation is 10 microseconds (see 1.2), this is the 
duration of the read pulse and input square wave. The period of the 



complete encode cycle is the time between the arrival of successive encode 
commands from the computer (32 microseconds). 

As the period of the highest frequency component in the input 

signals (X),is very large compared to the period of time that the linear 

gate samples the input, the amplitude of each individual square wave is 

essentially constant. If this were not the case, the linear gate would 

2 

have to be replaced by a sample and hold circuit. 

Each of the quantities in Iq. 1.1 represent square wave 
amplitudes. The digital outputs, D q , are therefore correct only for the 
duration of the input square wave. A means has been devised for reading 
out the digital outputs at the correct (see Chapter V). 

It was found necessary to restrict the range of inputs to 
voltages of one polarity, in order that the square waves within the encoder 
would also be of one polarity. This permits clamping at the inputs of the 
Schmitt circuits, preventing a shift in discrimination bias due to accumu¬ 
lation of charge on the input coupling capacitor (see 2.2.3f)• If the 
original variables to be encoded have a range of 4 E volts, it is 
necessary to add 4 E volts to the variable voltages at the input of the 
linear gates. The correct digital output can be calculated easily in 
the computer by subtracting the most significant digit from the encoder 
output. 

The present encoder operates on an input range of 0 to 50 volts. 
Hie value of A in Eq. 1.1 is therefore 25 volts. 

Photographs of the encoder are shown in Figs. 14 and 15 at the 


end of this report 



CHAPTER II 


SCHMITT DISCRIMINATOR 

2.1 REASON FDR CHOICE OF THE SCHMITT CIRCUIT 

X7 18 19 

The Schmitt circuit^ ' ' y was chosen as the discriminator 

because its output exhibits a step discontinuity as the input passes the 

discrimination level, but is otherwise independent of input variations. 

Simpler discriminator circuits utilize the non-linear on-off 

17 

characteristic of a diode or multi-element tube. The voltage input 
level with respect to some reference controls the conduction of the device. 
For inputs either above or below thi6 critical value, the tube is cut off; 
for Inputs on the other side of the critical value, the tube conducts. 

These circuits are undesirable for this application because their output 
is a function of the input in one of the two states and, in addition, does 
not exhibit a sufficiently sharp discontinuity at the discrimination level. 

The Schmitt circuit consists of two stages in cascade, with 
positive feedback from output to input. Inputs above the discriminating 
level cut off the output tube; inputs below this level cut off the input 
tube. As a result, the Schmitt output is isolated from input variations 
while in either of these states. The Schmitt circuit utilizes positive 
feedback to cause an abrupt switching of output level when the input 
passes the discrimination level. 

2.2 SCHMITT CIRCUIT THEORY 
2.2.1 General Operation 

The Schmitt discriminator operates in the following manner: 

(See Fig. 2). 


-11 




Tot Input., #1 , lee. than the diecrlulnating (or triggering) lwel, Tg le 
conducting and 1 X le blaeed belo. cut off. The output, e 0 , le at lte 
lower value in this off state. A sufficiently large signal will cause 

T 1 to conduct. The plate of will then drop, decreasing the voltage on 

the grid of T 2 . Ae a re.ult, the cathode pot«,tlal decrea.ee cauelng an 
increase In the grid-cathode potential on T r The effect of thl. conKrn- 
cathode positive feedback is to drive rapidly into conduction and Tg 
into cut-off. The output, e Q , is then at its higher value in this on state. 


2.2.2 Hysteresis 

The value of input voltage which causes the Schmitt circuit 
to change state depends upon whether is increasing or decreasing through 
the discrimination level. This phenomena is referred to as ''hysteresis." 

The following examination of the Scmitt input-output characteristic analyzes 
the causes of hysteresis. (See Fig. 3)• 

The gain of the Schmitt circuit is: 



a G. Op 

7TT V 5 2 


( 2 . 1 ) 


where: 

= gain of with plate load and cathode load R^ 
Gg = gain of Tg with plate load R^g and cathode load R R 
« t gain of coupling attenuator couel.tlng of 8^ 

Rg, and c, 

k z fraction of e Q fedback positively to T^ through 

K* 


the common cathode R. 



(2.3) 
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The loop gain is defined as: 

°L = 

For loop gains less than one, the Schmitt circuit is a linear amplifier in 
the region where both and Tg are conducting. Curve (a) of Fig. 3 
illustrates thi6 characteristic. 

For a loop gain exactly equal to one, Eq. (2.1) indicates an 
infinite Schmitt circuit gain. The characteristic is as shown in Fig. 3b. 

As the loop gain is increased above one, Eq. (2.1) Indicates a 
negative Schmitt circuit gain. This characteristic is plotted in Fig. 3c. 
The negative slope region of the characteristic is one of unstable equili¬ 
brium. As is increased from zero, the Schmitt remains in the off state 
until = E 4 . At tbl. point, transition to the on state takes place. Once 
the Schmitt is in the on state, however, e^ must be decreased to the value 
E~ before the Schmitt will reset back to the off state. The difference 
(E* - E~) is a quantitative measure of hysteresis. 

The reason for the hysteresis phenomena is that the grid to 
cathode potential of T g which exists for e^ - E* depends upon the state of 

the Schmitt circuit. This can be best seen by examining the circuit wave- 

17 

forms for a particular input waveform. 

As Fig. 3 indicates, the amount of hysteresis can be controlled 
. For a of one, the hysteresis is zero. 
However, a loop gain of one results in a Schmitt circuit which may 
oscillate or become a linear amplifier with slight drift in the circuit 
values. Therefore, at least a small amount of hysteresis is generally 


by varying the loop gain 


desired. 
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Reduction in hysteresis is generally accomplished by decreasing 
the factors a or k in G^. Varying the ratio of R^ to Rg will change the 
value of a. The k value may be reduced by putting a voltage divider in the 
cathode circuit. A resistor is placed in series with R^ and the cathode of 
either or Tg. This resistor is generally by-passed by a small capacitor 
to decrease the degeneration effect of the voltage divider during the tran¬ 
sition between states. 

2.2.3 Choice of Circuit Parameters for Optimum Performance 

a) The capacitor is chosen to compensate for C in g , the grid 
to ground capacitance of Tg. For undistorted signal transmission between 
the plate of T^ and the grid of Tg, should be chosen so that the time 

R 1 C 1 “ 4 R 2 C ln2 are e « ual - HoveTer ' con8tant 4eter - 

mined by and the resistance of its charging path determines the re¬ 
covery time of the Schmitt circuit. Recovery time is the time required be¬ 
fore the Schmitt will be able to trigger on the next input pulse. As the 
resistance values must be chosen mainly from other considerations, care must 
be taken to not make too large. The minimum length of time between in¬ 
put pulses will determine the maximum value of C^. 

b) A parallel R-C circuit in series with the cathode of or 
Tg and the common cathode resistor R^ has been mentioned as a means of con¬ 
trolling hysteresis. (See Fig. 4). The value of this resistor for a 
particular value of hysteresis will vary with the tube characteristics and 
is best found for each Schmitt by trial and error. 

The capacitor by-passing this resistor can be chosen to minimize 
an undesirable phenomena known as "late triggering." It is found that for 



m 


Hysteresis Control 



Fig. 4 Hysteresis and Late Triggering 


pulse amplitudes Just equal to the triggering level the Schmitt will often 
not trigger (i.e., begin the transition to the on state) until the end of 
the input pulse duration. As the input amplitude is increased above the 
triggering level, the Schmitt triggers with less delay after the initiation 
of the input pulse. (See Fig. 4b). 

Late triggering is due partially to the fact that the input pulse 
has an exponentially rising leading edge. The Schmitt circuit cannot be 
expected to trigger until the input amplitude reaches the triggering level. 
This factor in late triggering (At) is dependent upon the input rise time 
and final amplitude ; it can be minimized only by reducing the input rise 
time. (See Fig. 4b). 

However, there is still an interval between the time that the 
input reaches the triggering level and the time when the Schmitt triggers. 
This is due to time constants within the Schmitt circuit itself which de¬ 
termine the rate at which conduction in can increase. Initially is 
cut-off and the loop gain is zero. An input above the triggering level 
will cause to conduct sufficiently to increase the loop gain to one, 
which will then cause the Schmitt to trigger. The time required for the 
loop gain to reach one is dependent upon how much the input amplitude 
exceeds the triggering level. 

By-passing the hysteresis control resistor with a capacitor 
results in a loop gain which drops rapidly as T^ begins to conduct and the 
capacitor begins to charge. The result is that the loop gain tends to in¬ 
crease as T^ increases conduction but, at the same time, tends to decrease 
as the by-pass capacitor charges. It is possible to approximately balance 
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these two effects experimentally. The late triggering is then minimised. 

If the Schmitt is going to trigger at all during the input pulse duration, 
it must do so almost immediately after the input reaches the triggering 
level and before the capacitor can charge sufficiently to stop the trigger¬ 
ing action. 

c) The values of R^, R^ and Rg he kept as small as 

possible to minimize the time constants that determine the time required 
for the transition between states to take place. The value of R^g is de¬ 
termined by the desired output waveform. Larger values of R^g will result 
in larger output swing and a greater output rise time. The output rise 
time has no effect on the Schmitt transition time. 

d) There are several reasons for desiring a large cathode resistor 
R^. The ability of the Schmitt to accept very large input pulses without 
drawing grid current is due to the cathode follower action of which is 
improved by the use of a larger R^. Grid current would result in an un- 
desirable shift in the Schmitt bias level. A large value of R^ helps to 
maintain constant plate voltages independent of tube parameter changes. 

The effect of a large cathode resistance is often obtained by using a con¬ 
stant current source such as a pentode or a triode with a large resistor 
17 19 

in its cathodeBesides minimizing the effect of heater voltage va¬ 
riation on the cut-off voltages of T^ and Tg, the cathode tube allows the 

use of a technique which compensates for the grid-cathode capacitance of 
17 

T^. This compensation technique is used to prevent coupling of small 
spikes resulting from differentiation of the input pulse through R^ to the 
Schmitt output. 
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#) To obtain a stable output voltage swing either the grid or 
the plate of Tg should be clamped when Tg is conducting. The grid may be 
clamped by driving it slightly positive with respect to the cathode, but 

this results in a triggering level dependent upon the slope of the input 

17 

pulse. Since any drift in the clamping action at the grid appears at the 
output amplified by Tg, it is more desirable to clamp the output plate 
itself. 

Clamping the Schmitt output may be desired for another reason. 
There is always a small range of input pulse amplitudes which are suffi¬ 
ciently large to cause to conduct slightly, but too small to bring the 
gain of T^ to the point where the loop gain is one. In this range of in¬ 
puts the Schmitt acts as an amplifier and its output plate rises a small 
amount. This effect can be eliminated by clamping the plate of Tg slightly 
above its normal swing. The appearance of the spikes resulting from 
coupling of the differentiated input pulse through to the plate of Tg 
can also be prevented this way. 

Clamping also decreases the output rise and decay time. The 
output voltage tends to follow an exponential curve in making the transi¬ 
tion between its two stable levels. The diodes conduct, however, and 
limit the transition to the steep slope region of the exponential curve. 

f) Decay in the top of the input square pulses must be mini¬ 
mized by choice of a sufficiently large coupling capacitor, C q . A pulse 
just above the triggering level would turn the Schmitt back off during 
the pulse period if the decay were larger than the discriminator's 


hysteresis 
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The grid of must be clamped to the bias level to prevent a 
shift in the d.c. voltage across C c as the input pulse amplitudes vary. 

This is feasible because the encoder uses only positive-going pulses. 

2.3 SCHMITT CIRCUIT DESIGN AND PERFORMANCE 
2.3*1 Circuit 

The Schmitt discriminator circuit is shown in Pig. 9* The 6AK5 
tube was chosen for its low interelectrode capacitances and its relatively 
sharp cut-off. 

The difference in output clamping levels is approximately 25 volts, 
the analog value of the most significant binary digit. The particular 
values were picked because they corresponded to standard batteries, and 
hence did not necessitate use of voltage dividers. The variable resistor 
on the Schmitt input to the summing amplifier is used to adjust its gain 
to compensate for the fact that the Schmitt output swing is less than 25 
volts. 

The capacitive coupling into the discriminator causes a 0.1$ 
decay in the top of the input square wave. For a triggering amplitude of 
25 volts, this amounts to only 0.025 volts, which Is considerably less than 
the Schmitt hysteresis. The percent decay is calculated from the relation 

P ~ $ (T « RC) (2.4) 

where T is the input pulse duration of 10 microseconds, R the input 
resistance of approximately 100K, and C the 0.1 microfarad coupling 
capacitor. 

The clamping diode has a forward resistance of 250 ohms with one 
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volt across it. This reduces the input time constant enough for negative¬ 
going overshoots to prevent a significant accumulation of charge on the 
coupling capacitor. 

There are a number of final adjustments which must be made on each 
individual Schmitt circuit. The variable capacitor is adjusted to reduce 
the recovery time sufficiently to enable the Schmitt to follow a one mega¬ 
cycle square wave input. This is necessary, as will be shown later, because 
the discriminator in every stage after the first must be able to follow in¬ 
puts containing spikes of duration as long as 0.5 microsecond. No later 
readjustment of will normally be needed. 

The potentiometer R. , in the coupling attenuator, is used to 
control the conduction of the output tube. The output voltage is adjusted 
to be approximately two volts below the lower clamping level (before the 
clamping potential is applied) when the output tube is conducting. This 
adjustment was found to be unnecessary in practice and the potentiometer could 
be replaced by a 50 K fixed resistor. 

The R„ potentiometer is used to control the Schmitt hysteresis. 

If Rjj is adjusted to insert too much resistance in the circuit, the Schmitt 
will turn itself on and off, acting as a free-running oscillator, for in¬ 
puts Just at the triggering level. The resistance R_ is increased until 
this action is observed and then decreased Just sufficiently to prevent the 
oscillations. Once the correct value of resistance is found for each dis¬ 
criminator, the potentiometer may be replaced with a fixed resistor. 

Discrimination bias is controlled with the R fi potentiometer. There 
is a finite range of input amplitudes for which Schmitt triggering is 
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uncertain. is adjusted so that a 25 volt square wave Input is in the 

center of this range. In practice the R_ control was found to be over- 

B 

sensitive. The present potentiometer should be replaced by one of smaller 
resistance (between two fixed resistors) to decrease the voltage variation 
per degree of rotation. 

2.3-2 Performance 

a) The uncertain triggering range varies between Schmitts, with a 
maximum of 0.1 volt. Over a period of two hours of continuous operation 
(with no drift in the B~ supply voltage), the center of this range drifted a 
maximum of 0.1 volt. 

The input pulse amplitude at which the Schmitt triggers was found 
to vary in direct proportion to variations in B~. This is due to the fact 
that the discriminator bias is supplied from a voltage divider across B~. 
Drift in B~ has a negligible effect on the absolute potential required to 
trigger the discriminator because the coxducting tube is a negative feedback 
amplifier which tends to keep the Schmitt cathode potential constant. 

The uncertainty range was found by measuring the maximum input for 
which the Schmitt refused to trigger and the minimum for which it always 
triggered. The discriminators were each driven directly from a square-wave 
generator to make possible the use of the measuring circuit described later 
in the discussion on encoder performance. 

b) With R r adjusted as described previously, the hysteresis is 
1.4 volts. A 50 kc sine wave input was used for the measurement. Using a 
dual trace oscilloscope, with its sweep triggered by the sine wave, both 
input and output waveforms were observed simultaneously in their correct 



time relation. The difference in amplitudes of the sine wave at which the 
Schmitt triggered on and off is the value of hysteresis. 

R_ could be adjusted for zero hysteresis, but then the Schmitt 
oscillated for square wave inputs just large enough to trigger it. 

c) The maximum amount of late triggering is less than 0.5 micro¬ 
seconds . This is the interval between the time that the input reaches the 
triggering level and the time that the Schmitt begins to trigger. As the in¬ 
put was increased above the triggering level, the late triggering rapidly 
decreased. 

Measurements were made by observing Schmitt input and output on a 
dual trace oscilloscope with its sweep triggered by the discriminator input. 

d) Rise time (10-90$) of the discriminator is 0.14 microsecond. 

e) Recovery time is less than .5 microsecond, as the Schmitt is 
able to follow a one megacycle square-wave input. 

f) Stability of the output swing is dependent upon the plate 
clamping voltages. These voltages were supplied by batteries whose drift 
over several hours of encoder operation was negligible. 



CHAPTER III 


AMPLIFIER 


3.1 INTRODUCTION 

The encoder stage design requires amplifier circuits to perform 
two operations: 1) summation and multiplication by minus two, 2) signal 
inversion. 

The first of these operations could be performed by a resistance 
summing network followed by an amplifier of appropriate gain, or by an 
operational amplifier with closed-loop gain of minus two. 

The difficulty with the resistance summing network is that it 
attenuates the signals being summed, hence the amplifier following the net¬ 
work would reqire a gain greater than minus two. It will be shown later 
that feedback in an amplifier stabilizes its gain and increases its band¬ 
width. Both of these effects become more pronounced as the closed-loop is 
decreased. Use of an operational amplifier in this application (see Fig. 5) 
allows a minimum closed-loop gain of minus two. 

Signal inversion could be accomplished by following an amplifier 
of any particular gain with an appropriate voltage divider. For the same 
reasons cited above, however, it is best to use an amplifier with a closed- 
loop gain of minus one and dispense with the voltage divider entirely. 

Figure 5 shows an amplifier with an open-loop gain of -K used as 
17 

an operational amplifier. The amplifier output, is correctly given in 

terms of the input by Eq. (3.1) as long as the open-loop gain, -K, is suffl- 
17 

ciently large. 
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(3-D 


e ~ R f , R f 
° ~ R x ®1 4 R 2 ®2 


In the summation and multiplication by minus two operation, e^ is 
the output of the inverter and eg is the Schmitt circuit output. Resistance 
values are chosen such that: 


B f * *1 « 


(3.2) 


In the signal inversion operation only one voltage, the stage 
input, is operated on. In this case, the feedback resistor, R f , is equal 
to the input resistor, R^. 

3-2 AMPLIFIER THEORY 

3.2.1 Analysis of Gain Stability 

A major difficulty encountered in using amplifiers for precision 
applications is their drift in gain due to variations in plate supplies and 
In tube and circuit parameters. One of the reasons for using feedback in 
amplifiers is to minimize the effect of these variations and thereby 
stabilize the amplifier gain. 

This stabilization effect may be examined by referring to Fig. 5 


with eg and Rg neglected. The nodal equation at the input grid can be 


solved for the closed-loop gain, G^: 


°CL 2 3 


. 

r + R,J 


(3-3) 


The percent change in closed-loop gain as a function of the 
percent change in open-loop gain is: 


K K ' 


(3«*0 



The conclusion is that the open-loop gain, -K, should be made as 
large as possible to minimize closed-loop gain variations resulting from 
changes in -K. 

3*2.2 Desired Open-Loop Gain and Bandwidth 

Information is transmitted through the encoder stages in the form 
of pulse amplitudes. Ideally these would be perfectly square pulses; 
actually they are pulses with finite rise time and finite decay in their 
pulse amplitude. 

Each stage must be allowed enough time for its input pulse to 
rise sufficiently close to the discrimination level to trigger its Schmitt 
circuit. Therefore, the pulse rise times are important in determining the 
minimum time for completing the encoding operation. 

However, during the time that a pulse is presented to a stage, 
the cumulative decay in the pulse amplitude from previous stages must not 
be great enough to turn a discriminator previously turned on back off. 
Therefore, the pulse decay will determine the maximum amount of time 
allowable to complete the encoding operation. 

Both rise time and pulse decay can be related to the amplifier 
17 

frequency response. The purpose of relating the frequency response is 
to aid in designing the amplifier and in investigating multiple-stage, 
closed-loop stability with respect to oscillations. 

The simple one-stage R-C coupled amplifier of Fig. 6a has the 

XT 20 PX 

gain magnitude frequency characteristic shown in Fig. 6b. * ’ 

The low frequency gain cut off is due to the coupling capacitor 
C c . The high frequency cut off is due to tube interelectrode capacitances. 



Amplifier Circuit 
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parasitlc capacitance across R^, and unavoidable viring capacitance. These 

capacitances may all be grouped under the term C^. The low frequency 

characteristic is that of a high-pass R-C network. Application of a square 

17 

wave to such a network results in an output with an exponential decay. 

(See Pig. 7a)• 

The percent decay in amplitude during the pulse duration T can be 
17 

shown to be (for T»R^ C c ) 

100 T j 


*1 C c 


(3-5) 


where R^ is the amplifier input resistance and C c the coupling capacitance. 

As R, and T will be chosen from other considerations. C must be chosen 
l c 

sufficiently large so that the decay will have negligible effect on encoder 
accuracy. 


The high frequency characteristic is that of a low-pass R-C 
17 

network. The effect of such a network on a square-wave input is to cause 
the leading and trailing pulse edges to follow exponential curves of time 
constant R^ C 1 . (See Pig. 7b). 

Rise time, T , is defined as the time required for a pulse to go 

r 

from 10$ to 90$ of its final value. Rise time can be shown to be related 
to the R^ time constant and therefore to the upper break-point frequency, 
f 2 , as shown in Eq. (3.6).^' 21 


- 2.2 R l C' 


2.2 


0.35 


2 7T f _ " f. 


(3.6) 


Equation (3*6) makes it obvious that increasing the upper break¬ 
point frequency fg will decrease the rise time. Using feedback around the 
simple amplifier discussed above will have the desirable effect of shifting 






Fig. 8 Open and Closed Loop 
Gain Magnitude vs. Frequency Characteristics 
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this break-point to fg' as Fig. 8 shows. 

The upper break-point frequency may be defined here as the band¬ 
width. (Bandwidth generally refers to fg - f^, but as f^ « fg, the former 
definition will be used.) 

Figure 8 indicates that the increase in bandwidth resulting from 
using the amplifier in a closed-loop feedback configuration is directly re¬ 
lated to the ratio G qL /G cL . The closed-loop gains G^ are fixed by the 
stage requirements at minus two and at minus one. 

The conclusion is that the rise time may be minimized by maximizing 
both the open-loop gain G qL , and the bandwidth fg. 

3.2.3 Gain-Bandwidth Limitations 

Due to the limited g^ or /± and the Inherent interelectrode 

capacitance of a vacuum tube, there is a limit to the obtainable gain-band- 
17 21 

width product. ’ Considering the case of a pentode stage in cascade 
with an identical stage, the product of mid-band gain and bandwidth may be 
shown to be 17 : 



where C Q 4 is the sum of the input and output capacitances of the tube. 
This product, or its alternate 

0.8) 

may be used as a figure of merit in choosing the optimum vacuum tube. 
Although this figure of merit, as defined above, Indicates trlodes to be 
far superior to pentodes, it must be remembered that the effective value 
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of C Q 4 C ± is so increased by the Miller effect as to negate this apparent 
advantage. In any practical circuit, it will be found that this figure of 
merit will be reduced by a factor of at least two to three due to unavoid¬ 
able wiring capacitances. 

The conclusion is that the open-loop bandwidth can only be in¬ 
creased by decreasing the open-loop gain. As pointed out above, however, 
a minimum open-loop gain will be determined by the amount of gain stabili¬ 
zation needed to assure accuracy and dependability in the value of closed- 
loop gain. The best that can be done with a single-stage amplifier is to 
choose a tube with the largest figure of merit and to wire the circuit with 
a minimum of parasitic capacitance. 

3-2.4 Multiple Stage Amplifiers 

The gain-bandwidth product can be increased over that of the 
single-stage amplifier by using multiple stages in cascade inside the feed¬ 
back loop. In this case, the simple bandwidth-rise time relations used 
before will no longer apply. 

The possibility of closed-loop amplifier oscillations must now be 
considered. Nyquist'e stability criterion must be utilized to prevent the 

pA pp 

design of an amplifier which will oscillate. * 

To obtain a signal to feed back to the input which is 180° out 
of phase with the input, an odd number of stages will be required. In 
order to meet the stability criterion, the high-frequency breakpoints of 
the stages must be staggered. 

The lowest upper breakpoint will be that which would have been 
vised in the single-stage amplifier. The breakpoints of the additional 




stages must be at higher frequencies. Because of the gain-bandwidth product 
limitation on the tubes used, the additional stages will therefore have 
successively lover gains. 

The conclusion is that additional stages will improve the rise 
time but that the amount of additional improvement obtained decreases with 
the number of stages. At the expense of increased complexity, then, some 
improvement in performance is possible. 


3-3 AMPLIFIER DESIGN AND PERFORMANCE 


3*3*1 Amplifier Design 

The circuit diagrams of the inverter and summing (multiplication 
by -2) amplifiers are shovn in Fig. 9* Single-stage amplifiers were chosen 
to minimize the encoder complexity. It was found possible to meet the en¬ 
coder specifications without going to multiple-stage amplifiers. 

The 6CB6 tube was chosen for its high figure of merit and its 

17 

relatively linear characteristics. 

The closed-loop amplifier gain may be calculated from Fig. 9* 

The result is 


f R 2) 

n . 1 1 .. 

1 



u cL \BJ ~ 1 

1 X " K 

1 + 

*2 

+ R 2 


B e 

R lJ 


where: 

R^ z resistance between input signal and grid 

Rg s feedback resistance 

R * grid leak resistance 
l§ 

• plate load resistance 


(3*10) 



tube plate resistance 


r p " 


R 


s tube transconductance 
A r p 

= V^L 

K = * g m R ' Rg T R' 4 Rg '+ R * 


( 3 - 10 ) 


For the parameter values used, this may be approximated by 

H, 


cL 


1 4- 


R L 


R 2 R 2 

l + -£ + g£ 

R « R 1 


(3-11) 


The mid-band open-loop gain, R^, is approximately 125- Since 5$ resistors 
were used in the circuit, the R^ resistors were made variable. The R Q 
potentiometer is used to adjust the overall gain of the inverter and summing 
amplifier to plus two. This is done with the aid of an oscilloscope with a 
difference pre-amplifier displaying the difference between one-half of the 
stage output and the stage input. 

The R potentiometer is used to adjust the gain of the summing 
s 

amplifier so that its output is a 50 volt step when the Schmitt changes 
state. Since the Schmitt output is less than 25 volts, the gain for this 
amplifier input will actually be greater than two. 

The effect of feedback in minimizing variations in closed-loop 
gain as a result of variations in the tube transconductance may be derived 
from Fig. 9* The equation relating the fractional changes in closed-loop 
gain and may be shown to be 


Ag 


gL 
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cL 


1 


1 

i_ 
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R 9 Rp 





(3*12) 
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Using this equation, the effect of a 10$ change in is found to be a .17$ 
change in for the inverter and . 27 $ change for the summing amplifier. 

The closed-loop amplifier input resistance (at either input terminal 
in the case of the summing amplifier) can be shown to be 


R l* 


~ R l + 


+R' 

R L 


(3.13) 


For both the inverter and summing amplifier is calculated to be 
approximately 100K. Using Eq. (3*5)# the percent decay in square-wave ampli¬ 
tude due to the capacitive coupling is 0.1$ in each amplifier. 

3*3*2 Amplifier Performance 

a) The inverter rise times (10-90$) vary between 0.1 and 0.15 
microsecond. The summing amplifier rise times vary between 0.2 and 0.3 
microsecond. It was found that the wiring of the amplifiers, especially of 
the input and feedback series R-C networks, was very critical in obtaining 
fast rise times. 

b) Linearity was measured using pairs of amplifiers. This pro¬ 
cedure was followed because it allowed the use of an oscilloscope with a 
difference pre-amplifier for accurate direct measurements of the difference 
between inputs and outputs. Since the encoder'also uses the amplifiers in 
series, this technique is particularly suitable. 

The encoder accuracy is specified in terms of percent of the full- 
scale input. Accordingly, the measure of amplifier linearity of interest is 
the deviation in output from the ideal output as a percent of full scale 
(50 volts). Accordingly, the actual input-output characteristic was 
approximately centered about the ideal characteristic by adjusting the 
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amplifier gains to their correct value at mid-scale (25 volts). 

found that the percent deviation from linearity 

_ ideal output - actual output 

D = vlOO) ca ZZT+Z - 4 


It was 


( 3 - 1 ^) 


was a maximum at the full-scale output of 50 volts. The maximum deviation 
varied in the different pairs of amplifiers tested due to small differences 
in quiescent operating points and variations in tube characteristics, 
ranging from 0.5 to 1.6$. By testing different series combinations of 
amplifiers, it was possible to determine approximately the deviation from 
linearity of individual amplifiers. The maximum deviation was found to 
vary from 0.2 to 0.6$. 

c) By the same technique used above, the effects of drift in B~ 
on amplifier gain were measured. The percent change in amplifier gain was 
found to be approximately l/25th of the percent drift In B~. The measure¬ 
ments were taken for changes in B~ as great as 10$. 



CHAPTER IV 


THE ENCODER STAGE 

4.1 CIRCUIT DESIGN 

A single encoder stage consisting of a Schmitt discriminator, 
inverter, and summing amplifier of gain -2, is shown in Fig. 9* 

The purpose and method of adjusting each of the potentiometers 
have been given in the previous two chapters. The sequence followed in 
adjusting each stage 1. a. folic.: The C x and B. adjustments are made 
for each stage; these do not need any further adjustment in normal opera¬ 
tion. The bias of each discriminator is adjusted with R_ for triggering 
on a 25 volt input square wave. Next the R_ potentiometer is adjusted 

U 

for a stage gain of plus two. Finally, each stage is supplied with a 25 
volt input square wave causing the Schmitt to trigger and the R g poten¬ 
tiometer is adjusted for zero stage output. No readjustment of the R_, 

D 

Rq, or Rg potentiometers was found to be necessary in several hours of 
continuous operation. 

4.2 STAGE WAVEFORMS 

The oscilloscope photographs in Fig. 10 show typical sing '-stage 
outputs (e Q ) for square-wave inputs (e^) of different amplitudes. The volt¬ 
age scale on the input photographs is 10 volts per division and on the out¬ 
put 20 volts per division. The time scale is two microseconds per division 
in all photographs. 

For input square-wave amplitudes of less than 25 volts, the stage 
performs as a linear amplifier with a gain of two. The stage output is a 
square wave of twice the input amplitude and a somewhat slower rise time. 
(See Fig. 10a). 
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Fig. 10 Waveforms of Single Stage 
























































~i+0~ 


For a square-wave input amplitude exactly equal to the 25-volt 
triggering level, the stage output is zero, except for a 50 volt, 0.5 
microsecond spike which appears at the leading edge of the output waveform. 
This spike is due to the inherent delay in the triggering of the discrimina¬ 
tor and the time required for its output to reach its final value. For a 
25 -volt stage input, the summing amplifier inputs from the inverter and the 
triggered discriminator effectively balance, producing a zero stage output. 
However, until the discriminator triggers, the only input to the summing 
amplifier is the inverter output. Therefore, the stage initially performs 
as a linear amplifier producing an output of twice the input amplitude until 
the discriminator triggers and reduces the output to zero. (See Fig. 10b). 

For square-wave inputs greater than 25 volts, the stage output 
initially begins to rise to twice the input amplitude. The discriminator 
then triggers, reducing the stage output to its final value. tamely, twice 
the difference between the input voltage and the discriminator output. A 
spike still appears at the leading edge of the output waveform, but its 
duration and height above the final amplitude decrease as the stage input 
increases. (See Fig. 10c). 

Because of these spikes or overshoots in the stage outputs, the 
discriminator hysteresis must be minimized. A stage receiving an input 
from a previous stage of the form of Fig. 10b or Fig. 10c must be able to 
follow such a waveform. The leading edge overshoot may be great enough to 
trigger the next discriminator, but if the steady state portion of the 
waveform is leas than 25 volts, the discriminator must turn off again. 

A particular stage may receive an input containing spikes 
contributed by some or all of the preceding stages. The discriminator will 
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trigger on each input spike, but it must be able to end up in the state 
determined by the final input amplitude. 

Photographs of a typical set of waveforms at the sixth stage 
are shown in Fig. 11. The voltage scale is 10 volts per division in (a) 
and (b), and 20 volts per division in (c). The time scale in each photo¬ 
graph is 2 microseconds per division. In this example, the discriminator 
turned on and off before reaching its final on state. 

The final state attained by the discriminator within the duration 
of the input square wave is the stage digital output. The on state corre¬ 
sponds to ONE and the off state to ZERO. In the example shown in Fig. 11, 
the sixth binary digit can be seen to be a ONE for the particular analog 
encoder input used in taking the photographs. 
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Fig. 11 Typical Waveforms at Stage #6 



























CHAPTER V 


ENCODER SYSTEM 

5-1 INTRODUCTION 

The eight cascaded encoder stages, together with the necessary 
analog input and digital output circuitry, constitute the encoder system. 

A block diagram of the system is shown in Fig. 12. The design of digital 
gates, pulse delays ("D" in Fig. 12), and flip-flops is not covered in 
this report because these are standard digital computer components. The 
design of the linear transmission gate is covered in two other reports of 
this project. 

Other system configurations may be devised for different encoder 
applications. The system discussed here is for use with the special-purpose 
digital computer 1 described in Chapter I. 

5.2 SYSTEM OPERATION 

5.2.1 Input Read-In 

The analog input circuitry enables the encoder stages to be 

multiplexed between the desired analog input voltages (E , E , E , etc.). 

x y z 

A linear transmission gate is required for sampling each analog 
input voltage. A flip-flop Is used to hold the gate open (conducting) for 
the 10 microseconds.required for the eight bit analog-to-digital conver¬ 
sion. Each flip-flop is controlled by a pair of pulses (P , P , P , etc.), 

x y z 

arriving on its input line. The first pulse puts the flip-flop in the ONE 
state, opening the linear gate which transmits the chosen analog voltage to 
the encoder. The second pulse arrives on the same line 10 microseconds 
later, returns the flip-flop to the ZERO state, closing the gate and cutting 




Fig. 12 Encoder System 
















off the analog voltage to the encoder. 


When the encoder is used in conjunction with the special-purpose 
analog-digital computer, a delay of twenty-two microseconds occurs before 
another pair of pulses, spaced 10 microseconds apart, arrive on the line 
corresponding to the next analog voltage to be encoded. 

The input analog voltages may range between zero and 50 volts. 

The encoder input receives a positive-going square wave of 10 microsecond 
duration whose amplitude represents the analog quantity to be encoded. 

There is a 22 microsecond interval between input square waves. 

Analog voltages in the range of 25 volts can be encoded by adding 
a fixed bias of 25 volts to each input. The computer can then be programmed 
to convert the eight bit digital output to seven bits plus sign. 

5.2.2 Read-Out 

The discriminator output plate of each stage controls a digital 
gate. In the discriminator off state (signifying a ZERO), the output plate 

is at -26 volts and the digital gate is closed. In the on state (signifying 

a ONE), the plate is at - 1.5 volts and the gate is open. 

The discriminator states In the last two microseconds of the Input 
square wave correspond to the correct digital output. (Section k.2 explains 
why the correct discriminator states are not reached sooner.) 

The same pair of pulses which control the read-in operation are 
inputs to the set of digital gates. A diode mixing circuit prevents the 

pulses on one line from appearing on any other line in the read-in circuitry. 

The delay D prevents the digital pulses (P , P , P ) from arriving 

x y 2 

at the flip-flops before arriving at the digital gates. Therefore, the first 
of the pair of pulses arrives at the gates before the beginning of the 



encoding operation. At this time all discriminators are in their normal 
off state, the digital gates are all closed, and the first pulse is pre¬ 
vented from reaching the encoder digital output. 

The second of the pair of pulses arrives at the digital gates 
before the input linear gate can be closed. At this time, the discrimina¬ 
tors are in their final state, corresponding to ONE or ZERO. The gates tied 
to discriminators which are in the ONE state permit the pulse to pass, while 
those in the ZERO state do not. As a result, the parallel digital encoder 
output appears on the digital gate output lines. 

After being delayed sufficiently by D for this read-out operation, 
the second of the pair of pulses complements the input flip-flop which in 
turn choses the linear gate. 

5-3 SPECIFICATIONS ON READ-IN AND READ-OUT COMPONENTS 

a) The linear gates must be able to transmit a 0-50 volt signal 
with a rise time of approximately 0.2 microsecond and a percent deviation 
from linearity (Eq. 3*1^) of less than 0.39^ (see Chapter VI). A slower rise 
time would result in a slower encoding rate. Poorer linearity would reduce 
the encoder accuracy. 

The encoder input resistance of approximately 50K and the number of 
linear gates must be considered in designing the input circuitry. 

b) The input flip-flop plate swing will be determined by the 
linear gate design. The output rise time must be no more than 0.1 microsecond 
to be able to open the gate sufficiently fast. The flip-flop must operate on 
the standard digital pulses supplied by the computer. 

c) The delay D must be great enough to allow a pulse to pass 
through the diode mixing circuit and the digital gates, before the flip-flop 




can be turned off. 
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d) The digital gates must be open with an input of -1.5 volts 
and closed with an input of -26 volts. 

In practice, it may be necessary to isolate the discriminator out¬ 
puts from the digital gate inputs with cathode followers to prevent slowing 
up of the encoding operation. 

The gates must be able to pass the standard digital pulses supplied 
by the digital computer. 



CHAPTER VI 


ENCODER PERFORMANCE 

6.1 ENCODER TESTING 

6.1.1 Test Procedure 

For test purposes, the encoder input was supplied by a Tektronix 
Type 105 Square-Wave Generator. The generator was used instead of the 
linear gates called for in the encoder system (see Chapter V), so that the 
encoder accuracy could be evaluated independently of any non-linear effect 
in the gates. 

The generator has an output range from 6.7 to 100 volts with a 
rise time of approximately 0.15 microsecond when its cable is connected 
directly to the encoder input. When the cable is properly terminated, the 
output range is 1 to 15 volts with a 0.02 microsecond rise time. 

The encoder square-wave input amplitudes were measured with the 
peak-reading circuit shown in Fig. 13* 

As there was insufficient time to construct the read-out circuitry, 
the discriminator outputs were observed directly on an oscilloscope. The 
encoder input was displayed on one trace of a dual-trace oscilloscope. It 
was also used to trigger the scope sweep so that the discriminator outputs 
displayed on the other trace could be observed in the correct time relation 
to the encoder input. 

The procedure followed was to measure the encoder input amplitude 
and then to examine on the oscilloscope the discriminator outputs of each of 
the stages. The state of each discriminator output in the last two micro¬ 
seconds of the encoder input pulse corresponds to the digital Output of that 
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Fig. 13 Square Wave Measuring Circuit 
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stage. A discriminator output of -1.5 volts indicates a ONE; an output of 
-26 volts indicates a ZERO. 

The square-wave generator was operated at 50 kc. This allowed 
10 microseconds for encoding and 10 microseconds between encoding operations. 
This is a faster encoding rate than required for use with the special-purpose 
digital computer (10 microseconds for encoding and 22 microseconds between 
encoding operations). 

6.1.2 Measurement of Encoder Input Amplitude 

The amplitude of the input square waves was measured with the 
circuit shown in Pig. 13- The capacitor charges to the peak amplitude of 
the negative-going generator output through the diode. A time constant of 
approximately one second (the resistance of the null Indication meter is 
60 K) prevents any appreciable decay in the capacitor voltage between the 
50 kc square waves. 

The Heliopot is adjusted until the null indication meter needle 
is zeroed. A Simpson voltmeter was used on the three volt scale for the null 
meter as this application does not call for high accuracy. 

When the Simpson meter indicates zero, the precision d.c. voltmeter 
is read. The square wave peak amplitude is then 

R p 4 R m 

2 z —5 - (d.c. voltmeter reading) ( 6 . 1 ) 

R M 

where is the resistance of the meter and R^, a precision resistor in series 
with the meter. This voltage divider arrangement was used in order to obtain 
sufficient accuracy from the meter which has only a 15 and 150 volt scale, 
each accurate to + l/+$ of full scale. On the 15 volt scale the meter is 
therefore accurate to + 0.375 volts. It was possible to read the meter to 
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0.01 volts. 

The meter and Rp resistance values were measured with a Wheatstone 
bridge to four-place accuracy. Using these resistance values the voltage 
divider factor in Eq. 6.1 was calculated to be 1.996 for the value of Rp used 
for measuring square-wave amplitudes in the 0-30 volt range. For the value 
of Rp used for measurements in the 30-45 volt range, the factor was computed 
to be 2.996. 

Square-wave amplitude measurements in the 0-30 volt range are 
accurate to within 4 .075 volts (1.996 x 4 .0375)* Measurements in the 
30-45 volt range are accurate to within 4 .113 volts (2.996 x 4 .0375)* 

6.2 TEST RESULTS 

6.2.1 Method of Evaluating Data 

The accuracy test data consists of analog input voltage measurements 
and the corresponding digital outputs. Comparison was accomplished by manually 
converting the input voltages to eight digit binary numbers. 

As previously mentioned, the amplitude measurements are known to be 
accurate to within 4 0.075 volts on the 0-30 volt range and within 4- 0.113 
volts in the 30-45 volt range. This uncertainty in a particular voltage 
reading may be referred to as 4 e volts. 

For a voltage measurement of E volts, the actual voltage may be 
anywhere in the E 4 e volt range. Therefore, there is a corresponding un¬ 
certainty in the manually computed binary representation of the voltage. 

Encoding is a quantization operation, since a continuous range of 
input voltages are converted into a finite number ( 256 ) of digital outputs. 

Due to quantization, a binary number can be accurate at most to within 4 l/2 
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of its least signifleant digit. This quantisation error of -4 q may be 
expressed in terns of the voltage at the encoder input: 


full scale input voltage _ 

number of quantisation levels 


( 6 . 2 ) 


The full-scale input is 50 volts and in encoding to eight binary digits, 

8 

there are 2 - 256 quantisation levels. Prom Eq.(6.2) } q is 0.098 volts. 
Therefore, each of the possible 25 6 binary numbers corresponds to a precise 
analog voltage 4 0.098 volts. 

Since e < q (the uncertainty in voltage measurement is less than 
the quantisation error) in the 0-30 volt range, the calculated digital rep¬ 
resentation of E 4 e and E - e can at most differ in the least significant 
digit. For values of E close enough to <*6 exact analog value of a binary 
number, the calculated digital representation for all voltages E4e will 
be the same number to eight digits. In this case, the correct digital value 
of the encoder input is known exactly to eight binary places; otherwise, the 
encoder input is know'accurately to only seven places. 

In the 30-45 volt range, e is 0.113 volts. Therefore, e is 0.015 
volts larger than q. Since e < 2q, it is possible for both E and either 
E 4 « or E - e to have the same eight place binary representation; the Other 
of these voltages' representation will then differ in the least significant 
digit. In this case, the input voltage is known to only seven binary places. 
As e is only slightly larger than q, if E, E 4 e, and E - e have three 
different eight place binary representations, it is very probable that the 
one computed from E is correct. 

Because of the limited d.c. voltmeter accuracy, the value of e 


for readings in the 45-50 volt range can at most allow computation of digital 



values to six binary places. 

The conclusion is that some readings in the 0-30 volt range can 
be used to establish if the encoder is accurate to eight binary places, while 
other readings can only prove its accuracy to seven places. Some readings in 
the 30-45 volt range can be used to determine if the encoder has seven place 
accuracy, while other readings can only establish six place accuracy and a 
probability of the existence of eight place accuracy. 

6.2.2 Results of Accuracy Tests 

Two test runs were taken. Each test was conducted over a period 
of several hours of continuous operation. 

On the first run the digital outputs were accurate to six to eight 
binary places, with the best accuracy obtained at the low end of the input 
range. However, the erroneous outputs were all on the high side and con¬ 
sistently repeatable during the several hours test. This indicated a 
systematic error in the encoder due possibly to faulty adjustment of one or 
more of the potentiometer settings. 

The encoder was then readjusted and the second run taken. This rim 
proved the encoder to be definitely accurate to seven binary places and very 
probably accurate to eight binary places. (See 6.2.1). In the 0-30 volt 
range, when E 4 e and E - e had the same digital value this value agreed with 
the encoder to eight binary places; when the E 4 e and E - e digital repre¬ 
sentations differed in the least significant digit, the encoder output was 
consistently equal to one of these numbers, usually the smaller. In the 
30-45 volt range, the data proved the encoder to be accurate to at least 
seven binary places. 

Due to insufficient time, it was not possible to develop a more 



accurate measuring circuit or to take any more runs with the present circuit. 


6.2.3 Encoding Rate 

All tests were run with a symmetrical 50 kc square-ware input. 

This proves that the encoder can operate to the established accuracy at a 
50 kc encoding rate. 

Observation of the discriminator waveforms during the accuracy 
test runs showed that all discriminators were in their final state in 
approximately 8 microseconds after the beginning of the input square wave. 
(See Chapter IV). Operation at the 50 kc rate allowed 10 microseconds for 
the encoding operation. The extra 2 microseconds should allow sufficient 
time for the read-out operation. (See Chapter V)• 

Observation of the waveforms during the test runs also showed 
that all transients in the system have died out approximately 2 microseconds 
after the end of the input square wave. Therefore, the encoder should be 
able to operate with approximately a 2.5 microsecond delay between the input 
square waves.* With a 10 microsecond square wave duration and a 2.5 micro¬ 
second spacing between square waves, the encoder would be operating at an en¬ 
coding rate of 80 kc. Unfortunately, due to limited symmetry control, it was 
not possible to operate the square-wave generator with much less than 10 
microsecond spacing between the 10 microsecond square waves to test the 
possibility of 80 kc encoding operation. 


* It may be found that operation with such an unsymmetrical input waveform 
would necessitate redesign of the clasping circuit at the Schmitt input 
to prevent excessive accumulation of charge on the coupling capacitor. 



CHAPTER VII 


CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

7-1 IMPROVEMENTS ON THE PRESENT ENCODER 
7.1.1 Component Improvements 

Tests on the present encoder prove it to be accurate to seven 
binary places and indicate a possibility of eight place accuracy. The 
tests were run at 50 kc, but observation of the encoder waveforms indicate 
a possibility of encoding at 80 kc. (See Chapter VI). 

a) These tests were run over a period of several hours of 
continuous operation. A number of improvements should be made to insure 
maintenance of the present accuracy over longer periods of operation. 

Drift in the B~ supply voltage was found to have a negligible 
effect on amplifier gain (see 3*3.2c) and on the absolute potential at 
which the discriminators triggered (see 2.3*2a). However, since the 
discriminator bias is derived from a voltage divider across the B~ supply, 
drifts in B~ have a direct effect on the square-wave amplitude at which 
the discriminator triggers. Therefore, the discriminator bias should be 
obtained from a separate, stable voltage supply. 

The stability of the discriminator clamping voltages directly 

% 

effects the encoder stage accuracy (see 2.3*2f). These two voltages must 
also be derived from a very stable supply. 

To compensate for any small drift in the discriminator bias and 
the two clamping levels, all three should be derived from the same supply. 
If this supply drifts a small amount, the square-wave amplitude which 
triggers the discriminator and the Schmitt output will then both drift in 
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the same direction. As a result, the discriminator will tend to continue 
to supply a square-wave output whose magnitude is equal to the other input 
to the summing amplifier for stage inputs Just equal to triggering level. 

Resolution of the control potentiometers were found to be too 
coarse. As a result, chassis vibration and operating temperature variations 
affect the control settings. This difficulty may be greatly minimised by 
replacing each potentiometer by one of smaller resistance in series with a 
fixed resistor of larger resistance. The use of other types of variable 
resistors should be investigated. 

b) Tests of linearity on the various amplifiers showed some to 
be more linear than others (see 3.3-2b). This may be due to small differ¬ 
ences in quiescent operating points or variations in characteristics between 
tubes. Each amplifier should be individually adjusted for best linearity. 

The most linear amplifiers should be used in the first stages. 

c) Tests of discrimination ability indicated better performance 
in some Schmitt circuits than in others. This was found to be largely a 
function of the particular tubes used. Tubes which result in better per¬ 
formance should be used in the first stages. 

7*1.2 Improvement of Encoder Accuracy 

To improve encoder accuracy beyond seven or eight binary places, 
it will be necessary to improve the discriminator accuracy and the amplifier 
linearity. 

a) To improve the amplifier linearity, the analog voltage range 
(presently 0-50 volts) should be reduced. However, this will necessitate the 
use of a more accurate discriminator to maintain even the present encoding 


accuracy. 



b) The Schmitt circuit by itself has limited discrimination 
19 

accuracy. Performance tests showed an uncertainty range in triggering 
of as much as 0.1 volts and a drift in triggering level of 0.1 volts over 
several hours of operation (see 2.3*2a)• Since the voltage quantization 
in encoding a 50 volt input range to eight binary places is approximately 
0.2 volts (see Eq. 6.2), this is the best encoder accuracy which can be 
expected using the Schmitt circuit alone. 

Improved discrimination ability may be achieved with the Schmitt 
if it is preceded by another discriminator. Unfortunately, this may in¬ 
crease the time required for encoding. 

One technique used is a biased diode discriminator followed by 
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an amplifier in series with the Schmitt circuit input. Input pulses to 
the diode discriminator above the bias level cause the diode to conduct. 

The portion of the input pulse above the bias level is amplified and used 
to trigger the Schmitt discriminator. 

Since the volt-ampere characteristic of the diode has a finite 
curvature at the conduction point, the uncertainty and drift in the Schmitt 
triggering level still affect the discrimination ability of the circuit. 
However, their effect at the circuit input are now reduced because the 
diode non-linearity is amplified by the intermediate amplifier. The sharper 
the non-linearity of the diode discriminator, the larger the voltage varia¬ 
tion in its output for a given input voltage variation. The amplifier gain 
increases the ratio of diode output variation to diode input variation. As 
a result, the effective magnitude of the triggering uncertainty range and 
drift in the Schmitt, referred to the diode discriminator input, is greatly 


reduced 



Comparison of the volt-ampere characteristics of various diodes 

with the transfer characteristics of some multi-electrode tubes indicates 

that a diode connected tube has the sharpest discrimination characteristic. 

A diode discriminator similar to the one described above has been reported 
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to have a long-term drift in discrimination of only 0.05 volt. * 

A difference amplifier can also be used to precede the Schmitt 
circuit. By greatly amplifying the difference between the input signal and 
the reference and using this as the Schmitt input, the discrimination ability 
of the Schmitt, in terms of the original signal, can be increased. The diffi¬ 
culty with this technique is in accurately obtaining the difference quantity. 

Use of the multiar circuit as the voltage discriminator should be 

investigated. The multiar is an accurate diode-controlled regenerative 

XT 26 

amplitude eomparitor. '* The circuit consists of a diode discriminator in 
series with the grid of a normally conducting tube. Input pulses that are 
more negative than the diode reference voltage cause the diode to conduct, 
lowering the tube grid potential. The resultant decrease in tube conduc¬ 
tion is positvely fed back to the diode input through a pulse transformer. 

c) For each additional binary place desired, two more cascade 
amplifiers are required. As a result of the additional amplifiers and in¬ 
creased accuracy requirements, the capacitive coupling time constants must 
be increased to prevent excessive square-wave amplitude decay. 

If the time required for operation by each stage is not reduced, 
the addition of more stages will increase the total encoding time, also 
necessitating an increase in the coupling capacitance. One disadvantageous 
effect of the larger capacitive coupling would be to increase gain for 
60 cycle hum in the system. 
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7.1*3 Improvement of Encoding Rate 

The amount of time required, for the encoding operation can be 
reduced if the amplifier and discriminator rise times and the late trigger¬ 
ing of the discriminator can be reduced. 

A small improvement in rise times may be made by more careful 
circuit wiring to reduce stray capacitances and by a small amount of in¬ 
ductive peaking. Excessive inductive peaking must be avoided to prevent 
overshoot in the amplifier response to square-wave inputs. Amplifier rise 
times could also be improved by the use of a tube with a higher figure of 
merit (see 3 . 2 . 3 ). 

It may be possible to further decrease the discriminator late 
triggering by additional investigation of the compensating R-C network in 
the cathode circuit. 

One advantage of the cascade encoder is that if less encoding pre¬ 
cision is required fewer stages may be used, which decreases the time re¬ 
quired for encoding. 

As mentioned previously (see 6.2.3), it may be possible, on the 
present encoder, to reduce the time interval between encoding operations to 
two microseconds. This was not attempted due to lack of time and an 
appropriate pulse generator. 

7.2 OTHER CASCADE ENCODER DESIGNS 

7.2.1 Binary Code 

a) A variation of the present encoder design which should be 
investigated, eliminates an inverter in each stage. This would reduce the 
number of required amplifiers by half and could possibly result in greater 




accuracy and higher encoding speeds. 

The summing amplifier and Schmitt discriminator are retained in 
each stage. However, the Schmitt output to the summing amplifier must now 
be obtained from the input plate of the Schmitt circuit to obtain the 
correct polarity swing because the stage input is no longer being inverted. 

The stage gain is negative (-2), accordingly the square-wave 
inputs at successive stages are of opposite polarity. If the encoder input 
is a positive-going square wave, the discriminatorsin all odd-numbered 
stages are biased to be normally in the off state. Discriminators in the 
even-numbered stages are biased to be normally on. 

In order that the digital output ONE is always indicated by a 
Schmitt plate at zero volts, it is necessary to derive the digital outputs 
of odd-numbered stages from the Schmitt output plates and the digital out¬ 
puts of even-numbered stages from the input tube plates. 

Operation is similar to that of the present encoder except for 
the reversal of signal polarities and normal Schmitt states in the 
successive stages. 

The disadvantage of this system is that outputs must be taken 
from the Schmitt input tube plates. This may seriously affect the time re¬ 
quired for transition between states and the stability of discrimination 
of the Schmitt.^ 

b) Hie inverter may also be eliminated by replacing the summing 

amplifier by a difference amplifier. There Is no saving in the number of 

tubes required, however, and the accuracy may not be improved as in (a) 

17 

because of the common-mode effect in the difference amplifier. 

c) Considerable savings in size and number of tubes may be 



achieved by using double triodes instead of pentodes. It is possible to 
use one double triode for the Schmitt circuit and one for both the inverter 
and summing amplifier. ' This reduces the number of tubes to two per stage; 
with 16 tubes, it would then be possible to encode to eight binary places. 

However, use of triodes would reduce the encoding rate due to 

their high effective interelectrode capacitance. 

2 

7*2.2 Gray Code 

The advantage of designing a cascade encoder to produce a Gray code 
output is that inputs to successive stages do not depend upon whether the 
preceding stages are in the ONE or ZERO state. This may allow significantly 
higher encoding rates because the different stages do not have to wait for 
the discriminators of preceding stages to settle to their final state as in 
the binary code encoder. (See Chapters IV and V) 

It may be shown that the state transfer characteristic for a Gray 
code encoder is^*^ 


n 4- 1 

D 


n 4- 1 


A - 2 V n 
1 

A + 2 V n 
0 


V > 0 

n 

V < 0 
n 


(7-1) 


where is the input to the nth stage, v n ^ p the analog output of the nth 
stage, D q the digital output of the nth stage, and A the analog value of the 
most significant digit. 

The transfer characteristics may be realized by use of a 
rectifier circuit. Two experimental five-stage encoders of this type have 
been constructed ami operated satisfactorily, one with an encoding rate of 



For most encoder applications it will be necessary to convert the 

2 

parallel Gray code output to binary code form. 

7*2.3 Single-Stage Encoder ^'^ 

As an alternative to the present encoder, the entire encoding 
operation may be accomplished with only one encoder stage. The technique 
is to feed the stage analog output through a delay back to the stage in¬ 
put, and thus use the same stage repeatedly. The binary output will be 
produced by the single stage in serial form with the most significant 
digit first. 

Several methods for mechanizing the required feedback delay have 
12 15 

been suggested. * One method utilizes two storage capacitors, and a 
number of linear transmission gates. The encoder input is sampled by a 
gate, stored on one of the capacitors, and used as the stage input. Another 
gate samples the stage output and stores it on the second capacitor. The 
role of the two storage capacitors is then reversed. The second capacitor 
supplies the stage input through a gate, and the first capacitor samples 
and stores the new stage output. A timing scheme is used to repeat the 
above procedure until the desired number of binary digits has been 
generated. 

The linear gates and capacitor storage units required have been 
designed, and the circuits are discussed in another report?^ 

The advantage of the single-stage encoder is the considerable 
savings in equipment. However, it is now necessary to introduce a timing 
circuit. The encoding rate and accuracy may be reduced due to the 



capacitor storage units. 


3 


7-3 CONCLUSIONS 

Experience with the present encoder indicates that the cascade 
type encoder is suitable for moderate accuracy (eight to ten binary places) 
and high speed (50 to 100 kc encoding rate) applications. It has the ad¬ 
vantage that accuracy and speed can easily be interchanged to suit a par¬ 
ticular requirement by simply varying the number of identical stages. 

This type of encoder has the further advantages of requiring only 
one reference voltage (the discriminators' bias), and no internal timing 
circuits. 
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